BACKGROUND: Bioelectrical-impedance spectroscopy (BIS) is a very attractive method for body composition measurements in a clinical setting. However, validation studies often yield different results. This can partly be explained by the different approaches used to transform measured resistance values into body compartments. OBJECTIVE: The aim of this study was to compare the linear regression (LR) method with the Hanai Mixture theory (HM). Secondly, the effect of degree of overweight on the accuracy of BIS was analysed. DESIGN: In 90 people (10 M, 80 F; body mass index (BMI) 23 ± 62 kgam 2 ) total body water (TBW) and extracellular water (ECW) were measured by deuterium and NaBr dilution methods, respectively, and by BIS. Resistance values of ECW (R ECW ) and TBW (R TBW ) were used for volume calculations. Data of half the group were used for LR based on L 2 aR (L length, R resistance) to predict TBW and ECW and to calculate the constants used in the HM (k ECW ), k p ). Prediction equations and constants were cross-validated in Group 2. RESULTS: Bland and Altman analysis showed that the LR method underestimated TBW by 1.1 l (P`0.005) and ECW by 1.1 l (P`0.005). The HM approach underestimated ECW by 0.8 l (P`0.005). The correlations with the dilution methods and the SEEs for TBW and ECW were comparable for the two approaches. The prediction error of BIS for TBW and ECW correlated with BMI. The constant k ECW , and the speci®c resistivities of the ECW and intracellular water (ICW) p ECW and p ICW were also correlated with BMI. CONCLUSIONS: The mixture approach is slightly more accurate than linear regression, but not sensitive enough for clinical use. The constants used in the HM model are not constants in a population with a wide variation in degree of overweight. The physical causes of the correlation between BMI and constants used in the model should be studied further in order to optimize the mixture model.
INTRODUCTION
There is a great need for a simple, non-invasive method to measure body composition in a clinical setting. Until now no suitable methods have been available. Most techniques are too invasive, too expensive or not accurate enough because they rely on assumptions which are not valid in ill patients. Furthermore, most methods cannot be used for repeated measurements, which are necessary for monitoring changes in body composition.
Bioelectrical impedance analysis (BIA) is a simple, non-invasive method which can be performed repeatedly. However, the underlying physical principles are poorly understood. 1 BIA measures the resistance of the body to an alternating current. Until a decade ago a current of 800 mA, 50 kHz, was used. Measured resistance was used as a measure for total body water (TBW). It was though that at this frequency the current was conducted by all conducting material in the body, based on measurements in muscle. 2 In the last ten years, numerous regression equations were published. These equations used measured resistance or impedance together with anthropometric variables to predict TBW or fat free mass (FFM). For clinical use this single-frequency BIA is not applicable because of the population-speci®c approach and because the accuracy, as expressed by the reported standard error of estimation (SEE), varies from 1.4 to 3.5 L for TBW. 3 This is insuf®cient for use in individual patients. Furthermore, as¯uid shifts are often present in patients, TBW is not a good measure for nutritional status, because it includes intracellular water and extracel-lular water, which may be expanded in depletion and disease. 4, 5 Intracellular water (ICW) or body cell mass (BCM) would there-fore be more appropriate for nutritional assessment, as this compartment represents the active living part of the body.
The development of new impedance analysers made it possible to measure impedance at different frequencies. This technique is called bio-electrical impedance spectroscopy (BIS). At low frequencies the current is conducted by ECW because cell walls and tissue interfaces act as condensors. At higher frequencies this capacitive effect is lost and the current will pass through all conducting material. Theoretically, this property makes it possible to measure ECW as well as ICW, based on their relative resistivities, and thus also TBW. Furthermore, it was shown that at 50 kHz the current is often not completely conducted by TBW, making the use of single frequency BIA questionable. 6 This newer technique led to a new series of population speci®c equations, either based on resistance values at single frequencies 6 ± 11 or on extrapolated resistances at 0 (R ECW ) and in®nite frequency (R TBW ), re¯ective of ECW and TBW respectively. 12, 13 Another approach is based on a theoretical equation developed by Hanai 14 which describes the conductivity of suspensions. Because this method is based on a fundamental approach it might be immune to intersubject variability. Therefore, the model could theoretically be used in all patients, assuming certain constants are indeed constant. The number of papers describing the results of this approach is growing.
12,15 ± 21 While some investigators report very promising results, 19, 21 others claim that BIS based on emulsion sciences or on regression analysis does not improve the results of single frequency measurements. 7 ± 9,12,13 One assumption in the emulsion science-derived equations is that the speci®c resistivities ( p) of EWC ( p ECW ) and ICW ( p ICW ) are constants. However, more research is needed to determine appropriate resistivity coef®cients and whether population or patient speci®c values are necessary.
In this study we will compare the results of BIS with indicator dilution methods for measuring TBW and ECW in a population with differing degrees of overweight. The regression approach on R tbw and R ECW as used in many published studies, was compared with the Hanai-derived predictions of¯uid volumes. The constants used in this model were analysed.
Theoretical description

General principles
BIA measures tissue conductivity. Under stable conditions the conductivity of a body is directly proportional to the amount of electrolyte-rich¯uid present. BIA can therefore be used to measure several¯uid compartments, including TBW, ECW and ICW. Fat is anhydrous and thus all body¯uids, including the water present in adipose tissue, reside in the fat-free mass component. 22 Impedance (Z) is the frequency-dependent opposition of a conductor to the¯ow of an administered alternating current. This opposition has two components or vectors, termed resistance (R) and reactance (Xc), which are linked mathematically as:
R is the pure opposition of the conductor to the¯ow of current. Reactance is related to capacitance produced by tissue interfaces and by cell membranes. Capacitance causes the administered current to lag behind the voltage and creates a phase shift that is represented geometrically as the phase angle or arc tangent of the ratio XcaR. 24 The impedance of tissues is strongly dependent on frequency. At low frequencies the impedance of the cell membranes and tissue interfaces is too large for conduction of current within the cells to occur. As a result the current is conducted only through the extracellular¯uid. Thus the measured impedance is considered resistive with no reactive component. 24 As frequency increases, reactance increases because the capacitant properties start to retard the current, and resistance decreases. At a critical frequency the reactance is maximal. At frequencies exceeding this critical frequency the current¯ow in the intracellular route will increase, as cell membranes and tissue interfaces start to lose their capacitive ability. 24 This frequency dependence can be modeled empirically by a function. The most widely used model is the Cole ± Cole equation. A plot of reactance vs the resistance at different frequencies results in a semicircular arc, the center of which is depressed below the real axis. 1 Fitting the measured impedance data to this model the resistance at zero and at in®nite frequency can be extrapolated which are the resistances of ECW and TBW respectively. The resistance of ICW can be calculated from the electrical circuit model of a parallel combination of a resistor and capacitor: R TBW (R ICW ÂR ECW )a(R ICW R ECW ). 1 
Volume equations
The resistance of a component with a homogeneous cross-sectional area and homogenous resistivity can be described as:
where V volume (l), p speci®c resistivity (O.cm), L length (cm), R measured resistance (O). To calculate volumes from measured impedance investigators have followed different procedures. The older single-frequency BIA data were used to develop population speci®c equations to calculate TBW. These equations had as dependent variables L 2 aR 50 with or without weight, gender and age. Multifrequency BIA generated new equations for ECW Accuracy of BIS, effect of obesity PL Cox-Reijven and PB Soeters and TBW with regression equations based on L 2 aR x at ®xed frequencies (x), in which x was low (1 ± 5 kHz) for ECW 7, 8, 16 and high ( b 50 kHz) for TBW predictions, 7, 8, 16, 17 or with the extrapolated resistance R ECW and R TBW . 12, 13 The software of the Xitron 4000B model we used contains volume prediction equations-based emulsion sciences, a theory developed by Hanai. 14 This theory describes the effect of a concentration of nonconductive material on the apparent resistivity ( p) of the surrounding conductive¯uid, and is
where p 0 the actual resistivity of a conductive material; and C volumetric concentration of the nonconductive material contained in the mixture. The volumetric concentration of nonconductive elements in the body at low frequencies is:
where V TOT the total body volume. At high frequencies this is:
From the Hanai equation the following set of equations were derived:
where,
Wt weight kg;
L Length cm;
R e resistance of extracellular water O from model fitting;
L a Y L l and L t are the length respectively of an armY leg and trunk cm;
C a Y C l and C t are the circumferenceY respectively of an armY leg and trunk cmX K ECW is considered a constant K b is a factor correcting for a whole body measurement between wrist and ankle, relating the relative proportions of the leg, arm, trunk and height.
With equations (1) and (4), ECW and ICW can be calculated from the R e and R i values obtained from ®tting the data to the Cole ± Cole model, and from measured length and weight K ECW is a constant, set at a different value for man and women.
TBW is calculated as the sum of ECW and ICW. For an extensive explanation of the equations used by the Xitron 40000B software, and the assumptions used, we refer to the paper of De Lorenzo et al.
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Subjects and methods
In a group of subjects with varying degrees of overweight, body composition was measured by indicator dilution methods and by BIS using the manufacturer's software.
In Part 1 two ways of calculating¯uid volumes from extrapolated resistances of extracellular and total body water were compared by dividing the total group into two comparable subgroups. From the data of the ®rst group, constants used in the software of the manufacturer for calculating TBW and ECW were derived. Secondly, prediction equations were derived in this group based on linear regression using the dilution values as dependent variable and the resistance values, body weight and length as independent variables. The accuracy of both approaches were compared by predicting TBW and ECW in the second group.
In Part II the effect of the degree of overweight, using the independent variable body mass index (BMI: kgam 2 ), on the difference between the two methods was studied using data of all measurements (group 1 and group 2). The equations for calculating body¯uid volumes were further analysed by calculating the constants used in the model. The effect of the degree of overweight on the values of these constants was evaluated.
Population the population consisted of 90 people, 10 males, 80 females. Their BMI varied from 23 ± 56 kgam 2 . Written informed consent was obtained from all participants. The study was approved by the Medical Ethical 
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Committee of the University Hospital Maastricht. The group was divided into two comparable subgroups (Table 1) .
Body composition
Anthropometric measurements were performed in the morning after an overnight fast. Weight was measured to the nearest 0.1 kg and length to the nearest 0.1 cm. For the calculation of constants used in the Xitron software the following lengths and circumferences were also measured in a subgroup of 56 persons: shoulder height, length of arm, leg and trunk, circumference of wrist, upper arm, ankle, upper leg, hip and waist. From these values the mean circumferences of arm, leg and trunk were calculated. Length and mean circumferences of arm, leg and trunk were used for calculation of K b according to equation (3) . Total body water and extracellular water were measured by deuterium oxide dilution and NaBr dilution respectively. In the morning, fasted patients drank a mixture of 5 g deuterium-labelled water (D 2 O: 99.84 atom percentage excess) and 30 ml 150 mM NaBr. Before and four hours after ingestion of the indicators, saliva and blood samples were obtained for deuterium and bromide analysis respectively. During the four-hour interval people stayed in the hospital. They were allowed to move freely and to drink 200 ml water during the ®rst two hours. Eating was not allowed. Deuterium was analysed with an isotope ratio mass spectroscope. 25 Bromide was analysed by ion chromatography was described by Wong. 26 Plasma was not deproteinized by the use of a ®lter, but by acetonitrile.
TBW was calculated by correcting the Deu-dilution space with 4% for exchange of labile hydrogen. ECW was calculated by correcting the Br-dilution space with 0.90 for non-extracellular distribution of Br and with 0.95 for the Donnan equilibrium.
Bio-electrical impedance spectroscopy (BIS)
BIS measurements were performed just before subjects drank the indicator mixture. Subjects lay on a bed with legs separated and arms abducted from the body. A tetra-polar electrode (3M red Dot AgaAgCl) arrangement as described by Lukaski et al was used. 21 Impedance was measured with a Xitron 4000B bioelectrical impedance spectrometer (Xitron technologies, San Diego, California) using 48 frequencies, ranging from 5 to 500 kHz. Measurements were done at the right and left side of the body. Mean values of resistances and¯uid volumes were used for analysis of the data. From all 48 measured resistance and reactance values the resistance of the extracellular (R ECW ) and intracellular (R ICW )¯uid was extrapolated by using the Xitron curve-®t software. All ®ts were classi®ed as`good' or`excellent'. R ECW and R ICW were used in equations based on Hanai mixture theory for calculating body¯uid compartments. Resistance of total body water (R TBW ) 1 was calculated as:
Statistical evaluation was performed with SPSS PC program for Windows. Regression analysis was performed in group 1 with the body¯uids measured by the dilution methods as dependent, and L 2 aR ECW or L 2 aR TBW as independent variables. Body¯uids were calculated with these equations in group 2 and compared, using the method described by Bland and Altman, 27 with values obtained using the Hanai mixture theory. Differences between values obtained by different methods were statistically tested by paired t-test. Correlation coef®cient analysis was performed to test the linear relationship between BMI and other variables.
Results
Part 1
From the results of the measurements in group 1 the following regression equations were derived: With these results the¯uid volumes in group 2 were calculated. Figure 1 shows the results of both calculations. Results are summarized in Table 2 . For TBW, use of the regression equation underestimated the volume signi®cantly by 1.1 l. The 95% limits of agreement were 7 3.7 and 5.9 l. Predicting TBW with the Hanai-based equation using the old as well as the new constant did not lead to systematic over-or under-estimation. Use of the new constant however improved the accuracy as the mean difference decreased from 0.5 and 0.3 l and the s.d. of the difference decreased from 2.3 to 2.1 l. The 95% limits of agreement were 7 4.1 and 5.1 for the 
Part 2
For all measurements¯uid volumes measured by dilution methods were compared with results of BIS using the manufacturers software (old constants). Bland and Altman analysis (Figures 2 and 3) did not yield systematic differences between BIS and Deudilution. The SEE was 2.26 for TBW. No correlation between the difference of the methods and their mean value was found. For ECW BIS overestimated ECW with a mean value of 2.27 l, but the size of the¯uid compartment did not correlated with the difference between the methods. SEE for ECW was 1.9 l.
The error for predicting TBW as well as for ECW was correlated with the degree of overweight, expressed as BMI (Figure 4) . Correlation coef®cients were 7 0.4721 for ECW (P`0.0001) and 7 0.4607 for TBW (P`0.0001).
The calculated k ECW also correlated with BMI (r 7 0.352, P`0.001) ( Figure 5 ). This constant for calculating ECW volumes incorporates three factors which are considered constant: the body density (D B ), the speci®c resistivity of ECW (P ECW ) and a correction factor for a whole body measurement between writs and ankle, relating the relative proportions of the leg, arm, trunk and height (k b ). However, in very obese people D b and k b can deviate from normal values which were set at 1.05 kgal and 4.3, respectively, in the BIS software. The anthropometric Signi®cantly different from dilution value, paired t-test (P`0.005).
Accuracy of BIS, effect of obesity PL Cox-Reijven and PB Soeters data of 56 persons were used to calculate the k b factor used in the model. The body density was derived by calculating the amount of fat based on the TBW values from Deu-dilution. The mean value for k b was 4.9 in our population, ranging from 3.5 to 6.5. The k b factor increased with increasing BMI (r 0.432, P`0.0001) and consequently was not responsible for the negative correlation between k ECW and BMI. The body density (D b ) decreased with increasing BMI (r 7 0.5617, P`0.0001). Substituting k b and D b in the equation describing k ECW resulted in values for p ECW , the speci®c resistivity. Figure 6 shows the values of p ECW plotted against the corresponding BMI of the subjects. p ECW was more strongly correlated with BMI than k ECW (r 7 0.641, P`0.0001). 
Discussion
In this study we compared the accuracy of BIS using linear regression or the Hanai mixture theory in a heterogeneous population with differing degrees of overweight. Results show that the Hanai mixture theory gives slightly better results than regression analysis. Systematic differences between the dilution techniques and BIS can be minimized by adjusting the constants used in the model. These differences are caused by the speci®c reference method used which can vary between laboratories. Adjusting the constants does not improve the correlation or SEE. These constants act as scalars. The fact that k ECW , and the were published with correlations ranging from ranging from 0.883 6 to 0.961 10 and SEE from 0.93 to 1.73 l Use of the Cole ± Cole model for extrapolation of the resistance of extracellular (R ECW ) and total body water (R TBW ),using the results of impedance measures at a range of frequencies, precluded the discussion regarding which frequency should be used. However, the question of whether volumes should be calculated based on the resistivity index of these resistances or Correlation between the speci®c resistivity of the extracellular¯uid (P ECW ) and BMI.
Accuracy of BIS, effect of obesity PL Cox-Reijven and PB Soeters on emulsion sciences continues in the literature. The number of studies using the Hanai approach is growing. 12,15 ± 21 In healthy persons SEE for TBW of 1.33 19 2.27 20 and 1.26 18 were found and for ECW 0.9, 0.89 and 1.14. In chronic obstructive pulmonary disease (COPD) patients SEE for TBW and ECW were respectively 2.3 and 1.4 when using the emulsion science approach. These results were only a slight improvement compared with the use of regression analysis based on resistivity index. 12 In growth hormone de®cient adults promising results were found, with an SEE for TBW of 1.6 l and for ECW of 0.8 l. 21 Van Loan et al studied the accuracy of BIS during pregnancy and found SEE for TBW ranging from 1.6 to 3 l and for ECW from 1.2 to 3.4 l, depending on the stage of pregnancy. 15 They calculated volumes with newly derived resistivity constants. The authors stated that this was necessary and appropriate because changes in conductivity occur with¯uid andaor electrolyte concentration changes.
The accuracy of BIS that was found in this study is comparable with the results described in the literature. However, in contrast with previous reports we studied a heterogeneous population with regard to body composition. The ®nding that the accuracy of BIS is in¯uenced by the degree of overweight is not new. The effect off obesity on the accuracy of SF-BIA has been described extensively. 29 In the very obese TBW was generally overestimated. These ®ndings resulted in obesity-speci®c prediction equations. Several explanations for this ®nding were described, including an increased relative TBW, an increased ECWaTBW ratio and a different body geometry. Changes in¯uid distribution may have resulted in an incomplete conduction of the current at 50 kHz. With the use of BIS, this explanation is not valid anymore because a wide range of frequencies is used, measuring TBW as well as ECW. In this study the mean ECWaTBW ratio, measured with the dilution techniques, was 0.48 (s.d. 0.04) and did not correlated with BMI (r 7 0.100, P`0.347). The effect of body geometry can be explained by the fact that the trunk contributes only 12 ± 15% of the total resistance, due to the large diameter and relatively short length. 30 There is no disagreement that the limbs account for most of the whole-body impedance but only for a minor fraction of the body volume. 1 This problem is not restricted to SF-BIA. In the case of BIS the geometry constant k b is incorporated in the equation for calculating k ECW . This k b factor was used to remove the geometry effect on p, and was set at a value of 4.3 in the software. 19 Our study shows that this factor is not constant but increases with overweight. Correcting the measured resistances for the geometry effect by a ®xed factor does not seem to be appropriate in the case of different levels of adiposity. As body proportions are also in¯uenced by ethnicity effects, application of the volume equations in different races should include calculation of the appropriate k b factor. 31 There are several possible explanations for the negative correlation between the bias (dilution method minus BIS) and the degree of overweight. The dilution methods are unlikely to be responsible for this effect. We used an equilibration time of four hours. It can be argued whether this is long enough for very obese people. However, if the indicators would not have been fully equilibrated, we should have found an overestimation of the¯uid volumes by the dilution methods. We found an underestimation compared with BIS, which increased with overweight.
A practical problem during the performing of BIS measurements in very obese subjects is the separation of legs and the positioning of the arms, not touching the trunk. It has been described in normal weight individuals that the greater the separation of the limbs from the trunk, the higher the resistance. 32 Although great care was taken to avoid this, it might have affected the results in the very obese persons. The current path will decrease in cases where legs or arms are not fully separated, resulting in a decreased resistance an consequently an overestimation of thē uid volumes. It is very likely that the constants used in the Xitron model are in¯uenced by the degree of overweight. In several studies these constants were derived and deviated from those provided by the software. 12, 15, 19, 21 Differences in the reference methods used might be responsible. Adjusting the constants will not in¯uence the SEE or correlation, but only corrects for the systematic difference between BIS and reference method 19 The ®nding that the k ECW correlates with BMI is new. The effect of overweight on the k b factor and on D b cannot explain this negative correlation, as both these factors would result in an increase of k ECW with increasing BMI. In the equations used, the only factors left to be responsible for this effect, are the speci®c resistivities of ECW and ICW. The high correlations we found between p ECW , p ICW and BMI suggests that both p ECW and p ICW vary with changes in body composition. It is not clear whether there is a true effect on speci®c resistivity or whether other confounding factors associated with overweight are responsible.
The speci®c resitivity is an electrical property particular to the conducting material and independent of its size or shape. 33 For the whole body it is assumed to be a constant at each frequency, but each tissue has a characteristic speci®c resistivity and the absolute p of the whole body is the mean p of all conducting tissues. The resistivity of a tissue will vary depending upon its microstructure, level of hydration, and the concentration and types of electrolytic ions. 32 Fuller and Elia found a positive correlation between the speci®c resistivity at 50 kHz of body segments and the percentage fat derived from skin fold thicknesses. 34 At very low frequencies ECW is the only conducting material. Changes in the p of ECW have been reported by Azcue et al. 35 They found changes in p at low frequencies during infusion of solutions with 31 A change in p ECW of 10% will predict changes of 4.9, 7 1.3 and 1.2% in ECW, ICW and TBW respectively. A similar 10% change in p ICW will cause 7.0 and 4.2% change in ICW and TBW. Scharfetter et al studied the changes in resistivities due to ionic shifts during dialysis and concluded that the relative resistivity changes remained within 4%. The corresponding volume estimation errors werè 2% in ECW and`2.2% in ICW. 37 However, the % error for measuring changes in ECW and ICW werè 15% for ECW and b 20% for ICW change. They concluded that correction of the model is necessary to obtain more reliable ICW values.
The accuracy of BIS may be improved by adjusting the k ECW and k p constants in the model according to the BMI, or by calculating the k b factor with the use of anthropometric data, and use of the empirical relationship between the speci®c resistivities and the BMI. Ellis et al tested the assumptions associated with the Hanai model used in BIS methodology in a group of 387 children and 82 young adults. 38 In this population a wide variation in body size, shape and composition was present. Adjusting the constants k e and k P eliminated the systematic differences between the dilution method and BIS, but did not change the s.d. of the difference between the two methods. They concluded that re®nement of the constants used in the BIS analysis is needed as k ECW may not be constant among individuals for the full age range examined. From our results the same conclusion can be made with respect to a wide range of overweight. The accuracy can only be improved if the constants are adjusted for the degree of overweight. Use of the relationship we found between k e and BMI ( Figure 5 ) is a simple way of re®nement. However, only when the physical causes of the effects of obesity on BIS found in this study are identi®ed, does such a procedure appear to be justi®ed. Preliminary results show that recalculation of ECW in group 2 with the k ECW adjusted for BMI ( Figure 5 ) yielded a slight improvement of the accuracy. The mean difference with Br dilution was 7 0.28 l (s.d. 1.52) and did not correlate with the BMI. The correlation with Br dilution was 0.873. Use of speci®c resistivities corrected for BMI and of a measured k b factor instead of a constant value, yielded no improvement of the accuracy for ECW and TBW calculations. However, the difference with the dilution methods did not correlate with BMI anymore. Excluding the confounding effect of BMI is important for the use of BIS in epidemiologic studies and for monitoring changes in body composition.
We prefer the use of emulsion sciences rather than regression analysis for the calculation of¯uid volumes. Especially for clinical application, population speci®c regression equations are not suitable. However, for the development of a general applicable equation, more clinical research is needed to study the effects of illness-associated phenomena on the speci®c resistivities. Although the physical mechanisms responsible for the results we found are not identi®ed yet, we advise that for the time being the constants used in the model should be adjusted for very obese subjects with the use of the empirical equations presented here.
BIS is very attractive for clinical use because it is cheap, easy to perform, not invasive and because it can measure ECW as well as TBW. This makes it possible to monitor changes in ICW, or body cell mass, necessary for nutritional assessment. However, the accuracy of BIS as applied in this study and reported by others, is not high enough for routine clinical use. Before all possible confounding factors are identi®ed, BIS should be used with caution in clinical practice.
In summary, this study shows that in obese people the Hanai mixture theory gives slightly better results for the calculation of¯uid volumes than regression equations. The accuracy of BIS might he improved by adjusting the constants used in the mixture theory for the degree of overweight. However, such adjustments are only valid if the physical principles of the effects of adiposity on BIS are identi®ed. Especially for the clinical application of BIS, more research is needed to identify factors which may affect the speci®c resistivity of the body¯uids. Eventually, this should lead to a general applicable equation, obeying physical laws.
